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Mitral regurgitation affects over two million people in the US and can lead to heart 
failure, so research is needed to predict, diagnose, and treat this valvular disease. Thus, 
cardiac modeling in vitro includes mathematical, automated, and image-based models. 
Mathematical modeling requires assumptions that make it less accurate, and it takes too long 
to conduct to be clinically relevant. Automated modeling is faster but generally untrusted in 
the field. Image-based models are often patient specific and accurate but are rarely combined 
with computational models. Due to a need for an accurate and comprehensive model, this 
study used image-based modeling techniques and computational simulations of blood flow. 
Patient-specific images were used to create a three-dimensional model of the left heart. After 
segmentation, meshing, and defining boundary conditions, the model was run though a finite 
element analysis and a fluid structure interaction simulation. Nodes were then quantified to 
understand how the heart responded to simulation. Results showed that as pressure 
increased, stress and strain increased, and regurgitation area decreased. The results of this 
study have direct clinical applications; physicians can use the models as a guide when making 








 The mitral valve (MV) is one of the most complex valves in the heart, consisting 
of two leaflets, a mitral annulus, and cordae tendineae. Its important role in regulating 
blood flow between the left atrium and ventricle means that dysfunction of the MV could 
lead to heart failure and death (1). The most commonly seen MV dysfunction is mitral 
regurgitation (MR), affecting over 2 million people in the United States. MR occurs when 
blood leaks from the left ventricle (LV) to the left atrium (LA) when the MV should be 
closed (2). To better diagnose and treat mitral regurgitation and other valvular disorders, 
researchers create models of the MV (3). Various components of the heart (walls, valves, 
atria, ventricles) have been modeled with techniques including simple math models, 
image-based models, and automated modeling (4-6).  
Mathematical Modeling 
 Mathematical modeling has progressed and advanced in recent years. For 
example, a strain energy function (SEF) was developed to characterize the nonlinear 
hyperelastic properties of a vessel near the mitral valve to better understand mitral 
regurgitation (7). In another study, a model based on Navier-Stokes equations combined 
with a spring-mass model serving as a structural solver provided a way to characterize 
stenosis (8). A newly created electro-mechano-fluidic model has improved on 
conventional computational dynamics models by incorporating finite element modeling 
(9).  In general, math models require generous simplifications and take too much time to 
conduct, limiting their usefulness for surgical predictions (8).  
Automated Modeling 
 To create models that shorten the time required to provide predictions before 
surgeries, researchers have explored automated modeling with the use of artificial 
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intelligence. Pouch et al. compared the data from their automated model to data from a 
model manually created by an expert. They found that the automatic segmentation was 
similar to the manual, but no statistical analysis was conducted (6). Jeganathan et al. 
performed an experiment to determine if different users of a machine learning automated 
valvular analysis program would have different results. After analyzing their data, they 
found that the examiner did not statistically impact any of the six parameters they tested, 
indicating that it is possible to use automated computer programs to analyze the mitral 
valve. These researchers noted, though, that a general skepticism towards automated 
modeling make it less used than manual modeling (5). 
Image-Based Modeling 
 In addition to mathematical models and automated models, image-based models 
are used to view and understand valvular dynamics (1; 4). Image-based models range 
from echocardiography to magnetic resonance imaging, and they can be used in both 
two-dimension and three-dimension views. In many image based models, only the valve 
being studied is modeled, not the surrounding area (10). Some incorporate fluid structure 
interactions, but many are not combined with computational models (4). Few studies 
exist that combine computational (image-based modeling with simulations) and 
experimental research (10). When considering both the diagnosis and treatment of cardiac 
diseases, a patient-specific, multifaceted approach is most useful to create accurate 
predictions about valvular function and dynamics. Ensuring that the tissue properties 
observed in the lab match those included in the computational modeling gives the 
research validation (11). 
 Thus, this study expanded on the existing modeling techniques for the left heart 
by providing an accurate and comprehensive approach. Image-based models that are 
patient specific will be used in computational models and run through simulations to 
mimic blood flow. This computational research will occur in conjunction with 
experimental tissue research to provide a comprehensive view of the left heart. 
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CHAPTER 2 
MATERIALS AND METHODS 
 
 Methods included segmentation and mesh generation to create a model including 
the left ventricular walls, aorta, atrial valve (AV), mitral valve (MV), and calcification. 
Finite element simulation was conducted to analyze stress and strain for the effect of 
calcification and loading conditions.  
Patient Information 
 De-identified patient specific cardiac multi-slice computed tomography (MSCT) 
scans were obtained from Hartford Hospital in Hartford, CT in addition to Institutional 
Review Board approval to review these images. Patients were scanned to diagnose MR, 
and data from the scans included all cardiac cycle phases.  
 Approximately 2000 image slices from each patient were reconstructed into 10 
phases of the cardiac cycle and separated into axial, coronal, and sagittal views. The full 
volume CT images were acquired from a GE LightSpeed 64-channel volume CT scanner 
with an in-plane resolution of 0.82 × 0.82 mm and a slice thickness of 0.625 mm. 
Segmentation 
 For both the valves and the cardiac wall, first a rough segmentation was 
completed, then a smooth segmentation. First, mid-diastole and mid-systole phases were 
identified. For the valves, calcification, and aorta, the images were imported into Avizo 
software (Thermo Fisher Scientific, MA). Labels were created, the magic wand tool was 
used for rough segmentation, and the paint tool was used to make the segmentations more 




Figure 1: Four views of aortic valve segmentation in Avizo 
 
 For the heart wall, images were imported into 3D Slicer and roughly segmented 
using the threshold tool. Rough segmentation was repeated for each phase with the same 
threshold parameters. Then, each phase was modified using segment editor, paint, and 
smoothing functions until a smooth mesh was made, as shown in Figure 2. 
 
Figure 2: Four views of left ventricular wall meshing in 3D Slicer 
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 Mesh Generation 
 Next, the computational mesh of left ventricular walls, aorta, AV, MV, and 
calcification was generated in Hypermesh (Altair Engineering, Inc., MI). Smooth 
segmentations were imported, and nodes were specified. After lines were generated to 
connect the nodes, a spline surface was created. Then, a mesh was generated using 
automesh. The element types can be found in Table 1.  
Component Element 
type 




LH S4R 2-D shell element 3-node triangular  24005 
MV C3D8R 3-D solid element 8-node linear brick 17979 
C3D8I 
 
3-D solid element 8-node linear brick, 
incompatible modes 













3-D solid element 4-node linear 
tetrahedron 
436266 
C3D8R 3-D solid element 8-node linear brick 
Table 1: Element type and number for different components of the model 
 
After the mesh was generated, the existing mesh was matched to the surface it connected 
to using hypermorph. Finally, sets were defined with distinguishing colors, shown in 
Figure 3. 
 
Figure 3: Meshed aortic valve in Hypermesh, split into four sets 
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Finite Element Analysis 
 The last step was to set up and perform the simulation. The meshed surfaces were 
imported into Abaqus/Explicit (SIMULIA, Providence, RI) so that sets, surfaces, 
sections, orientations, material properties, and datum cys could be defined. For the 
material properties, the mechanical behavior of the MV leaflet tissues was based on an 
anisotropic hyperelastic material model, which was first proposed by Holzapfel et al (12; 
13).   
 Once the simulation was set up, the simulation was performed in two steps. First, 
boundary conditions were applied to simulate pretension. For the finite element analysis, 
the motion of diastole and systole were simulated, and nodal positions were 
approximated at each state. Second, pressure was applied in wave form as shown in 
Figure 4. The peak pressures for the low, normal, and high pressure cases were 100, 120, 
and 140 mmHg, respectively. The pressure applied simulated valve closure from diastole 
to systole, thus completing the simulation of the cardiac cycle. 
 
























Pressure Ranges for Three Cases for the Cardiac 
Cycle
normal pressure low pressure high pressure
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Chordal Length Adjustments 
 Chordal length was iteratively adjusted to closely match the MSCT images, 
making the model more accurate to the heart under systolic pressure. FE model accuracy 
was assessed using the deformed FE models and image geometry’s point-to-mesh 
distance error. Following previously published methods for the MV, the curvature of the 
chords was increased and decreased while the insertion and origin points were stationary 






Results came from analyzing the computational model at end-systole for a high 
pressure, low pressure, and normal pressure case. The three pressure distributions can be 
seen in Figure 4, displaying pressure over time for the entire cardiac cycle, which lasted 
0.75 seconds. End-systole was at 0.3 seconds. Figure 5 shows an atrial view of the MV 
deformed FE geometry at normal pressure overlaid on the end systole MSCT images. The 
superimposition shows a good overall agreement between the computational model and 
the ground truth MSCT model.  
 
Figure 5: FE model (grey) overlapped with MSCT image model (green) at end systole 
 
The maximum principle stress distribution of mitral leaflets at three different 
levels of pressure are shown in Figure 6. All three are shown at end-systole. The red 
regions, shown primarily on the anterior mitral leaflet (AML), indicate areas of higher 








Normal Pressure High Pressure Low Pressure 
 
Figure 6: Contour map of maximum principal stress distribution on the mitral leaflets  
 
The average, maximum, and minimum principal stresses were calculated for each 
pressure case, excluding the top 1% of the data to account for outliers. The averages for 
tensile stress for the AML and the PML for each case are shown in Figure 7. The largest 
average tensile stress, 210.27 kPa, was seen in the high-pressure case near the attachment 
line of the AML.  
 































The averages for the compressive stress are shown in Figure 8. Larger negative 
values of compressive stress were seen in the PML when compared to the AML. Thus, 
the PML had larger compressive stress values than the AML. 
 
Figure 8: Average compressive stress for AML and PML in each pressure case 
 
Figure 9 shows the strain distributions at end-systole of mitral leaflets at three 
different levels of pressure. The limits ranged from 0 to 0.4 for the maximum principal 
strain contour, and red regions indicated larger strain values. More red regions, indicating 



























Average Compressive Stress for Anterior and Posterior 
Mitral Leaflets in Three Pressure Cases
AML PML
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Normal Pressure High Pressure Low Pressure 
 
Figure 9: Contour map of maximum principal strain of mitral leaflets 
 
The average maximum principal strain was computed for the AML and PML for 
each pressure case. Overall, average AML maximum principle strain for low pressure, 
normal pressure, and high pressure were 0.248, 0.251, and 0.254 respectively, shown in 
Figure 10. The average strain values for the AML were higher than those of the PML, 
which had values for low pressure, normal pressure, and high pressure of 0.217, 0.219, 
and 0.221 respectively. 
 
 
















Average Maximum Principal Strain for Anterior and 





Computational models combined with image-based models can quantify mitral 
regurgitation biomechanics and inform treatment decisions. This study showed a model 
of the left heart that underwent three different pressure cases during simulation. The 
results showed that as pressure increased, values of stress and strain increased, as 
expected.  
The average principal tensile stress for all three pressure cases were larger for the 
AML than for the PML, which could be due to the movement of the mitral annulus 
during the cardiac cycle. This movement caused the MV to be corrugated, being 
compressed on the PML side and stretched on the AML side. This also could explain why 
the largest maximum principal stress values were seen on the attachment line of the 
AML, and why the larger compressive stress values were seen in the PML. 
Other causes for stress and strain on the MV include the calcification attachment 
and the tethering forces caused by chordae tendineae. These forces created local 
maximum values of stress and strain, but the overall trends observed were more likely 
caused by the corrugation of the valve. 
The model created came from images of a mitral regurgitation patient, which is 
evident by the unclosed valves observed at end systole, shown in Figure 6 and Figure 9. 
These figures also show that as pressure increased, the area of regurgitation decreased. 
Relating these pressure findings to blood pressure in patients could have clinical 
implications for physicians making MR treatment decisions.    
Limitations 
Despite using patient-specific images, physiological boundary conditions, and 
representative material properties, some assumptions were required for this model. 
Because the MSCT images had limited resolution, the detailed choral origins and 
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insertion locations had to be estimated. However, with these estimations, the model could 
simulate full closer at systole, suggesting the assumptions were rational. Additionally, 
experimental measurements, not imaging data, were used to estimate leaflet thickness. 
This did not account for individual variation of leaflet thickness. In addition to thickness, 
the leaflet material properties were assumed based on a cadaver study, rather than the 
patients’ material properties (15). Finally, the study time frame was not rapid enough to 
be used in a clinical setting. The manual segmentation and simulation take approximately 
five hours to complete for each model. Future research would need automated model 






This study included a left heart model with patient-specific geometries 
reconstructed from MSCT images. The model represented a good match to the MSCT 
data at end systole after adjusting chordal lengths iteratively. Insight into mitral 
regurgitation biomechanics was gained from the model’s quantitative measurements of 
leaflet stress and strain and from the relationship found between pressure and 
regurgitation area. Future studies could use this model to simulate treatments, which 
could give insight into device design and cardiac surgeon decision making to understand 
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